Abstract-Taking into account sparsity of the reflectivity function of several radar targets of interest, efficient low-complexity Automatic Target Recognition (ATR) systems can be designed. A low-dimensional 2D spatial model, where information on the radar target signature is compressed, can be estimated using High Range Resolution (HRR) data from a sparse system of view angles. Incoherent tomographic processing of HRR data from a distributed surveillance system, made up of several radar nodes, is studied in this paper. A sparse angular sampling scheme is proposed, which exploits diversity due to both the distributed radar system and the target motion. The novelty is in the exploitation of this locally dense, but otherwise sparse set of viewing angles of the targets, obtained using a sparse network of radars. The de-ghosting efficiency of such a sampling scheme is demonstrated geometrically. This results in identification of minimal information resources for unambiguous estimation of a 2D target model, useful for radar target classification.
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I. INTRODUCTION: INCOHERENT PROCESSING IN DISTRIBUTED RADAR SYSTEM
Important property of a radar network is the angular diversity of the overall acquired information. In the specific case of a HRR radar network, multi-aspect HRR profiles of the radar target are collected. The available data in such a system are 1D projections of the 2D target reflectivity function at few, widely separated, view angles. In this scope, the question of interest is whether a low-dimensional 2D target model can be unambiguously estimated, using the HRR profiles, which are measured at a sparse scheme of view angles. This sparse angular sampling scheme results from the multiple radar nodes at multiple moments in time, while the target is moving.
While working with wide angular coverage, provided by the distributed radar system, tomographic image reconstruction techniques can be used. Based on the projection-slice theorem, the Tomographic Reconstruction (TR) generates an image, by individually back-projecting each HRR profile on a 2D grid of image pixels [1] . This formulation allows incoherent joint processing of data from multiple monostatic coherent radars in a distributed radar system. As in Computerized Tomography applications, the amplitudes of the multi-aspect projections can be only used to form the 2D image. In comparison with the coherent methods (SAR modes), the incoherent tomographic reconstruction achieves the same quality of image resolution, while operating with much wider angular coverage [2] , [3] .
The reconstructed 2D image is intended to be used as input for a parametric estimation algorithm. The final output will be an estimation of a target model in a 2D space, consisting of the locations and the intensities of the most important bright spots of the target. This model would offer significant benefits in ATR systems and support target classification. Thinking of the 2D rigid body target model as a sparse function in 2D space [4] , a sparse angular sampling scheme is expected to be sufficient for unambiguous retrieval of the 2D target model [5] , [6] .
The herein presented study is focused on angular sampling principles for efficient de-ghosting and unambiguous 2D target model extraction, from 2D images which are generated with back-projection of a small set of HRR profiles.
II. SAMPLING PRINCIPLES: A GEOMETRICAL INTERPRETATION
A. Wide-angle sampling for resolution enhancement
As indicated in Fig.1 below, two radars of range resolution ∆R which measure a target echo at two different view angles, with angular separation ∆θ, achieve in combination with each other a cross-range resolution ∆R ef f , which is equal to:
2D resolution ∆R is achieved if ∆θ = π/2. Proceedings of the 6th European Radar Conference B. Thin-angle sampling for de-ghosting By using at least two radars, with ∆θ big enough, thin crossrange resolution can be achieved, but at the expense of creation of ghosts. In this paragraph, the effective complementary use of thin angular sampling for de-ghosting purposes is explained. Closely-separated angular samples of the target 2D profile are supposedly available through the use of multi-radar data at multiple time steps, while the target is moving.
With reference to Fig. 2 below, an area of interest LxL is considered for target imaging, where L is in the order of the target size. A very simple extended target, which consists of two point scatterers is assumed. The two scatterers are separated by ∆y and ∆x at the two spatial dimensions correspondingly. By combining data from two radars, which have ideal angular separation ∆θ = π/2 in the area of interest, the two scatterers are resolved by ∆R in both dimensions, but two ghost scatterers of equal strength appear at symmetrical positions.
The strength of the ghosts appears degraded in the composite image of three radar views, if the third view has angular separation ∆φ, which complies with the two following constraints:
Compliance with the first constraint results in alleviation of existing ghosts, by sharing the strength of each ghost between two ghosts. The second constraint assures that the newly created ghosts fall out of the area of interest LxL, which prohibits strengthening of any of the existing ghosts. The impact of the target geometry is reflected in the inclusion of the parameters ∆x and ∆y.
For generalization of the analysis, the worst case: ∆y max = L, ∆x min = ∆R can be considered. This results in critical angular sampling for alleviation of the ghosts: 
III. PARALLELISM WITH SAMPLING PRINCIPLES FOR COHERENT PROCESSING OF MULTI-PERSPECTIVE RADAR

DATA
It is interesting to compare the sampling principles which are given in Eqs. (1) and (2) above, with the ones for coherent processing of multi-perspective radar data, in an Inverse Synthetic Aperture Radar (ISAR) mode.
In the case of coherent processing, the angular coverage ∆θ which is required in order to achieve cross-range resolution ∆R ef f is defined as [7] :
The critical angular sampling ∆φ critical which guarantees unambiguous 2D imaging of an object of size L is given as [7] :
By comparison of the pairs: Eqs. (1) and (3), Eqs. (2) and (4) it can be observed that in the incoherent approach the range resolution ∆R plays a role equivalent to the one of the halfwavelength λ/2 in the coherent approach.
This means that one can think of the inverse of the fractional bandwidth as a scaling factor for the required angular information resources by the two methods. The scaling factor sc is calculated as:
The applicability of the proposed incoherent method when working with distributed radar systems, with wide angular coverage, is demonstrated this way.
IV. SPARSE ANGULAR SAMPLING SCHEME
In this section, the physics which are exploited in the studied system for unambiguous 2D target model retrieval are explained. A sparse angular sampling scheme with de-ghosting efficiency is formed using (a) radar echoes of moving target at multiple scans, and (b) a distributed radar system.
A. Radar echoes of moving target at multiple scans
Departing from the assumption of sparsity of the target reflectivity function, the minimum distance between scatterers in both dimensions:
With reference to the graph of Fig. 2 and the explanation of section II-B, this assumption means that angular samples ∆φ in the span:
are purely useful for de-ghosting. A system of two radars with initially orthogonal views is first considered. Both radars acquire useful, closely-spaced, angular samples as in Eq.(5) in consecutive scans due to target motion. An angular sector ∆φ is covered by both radars in K scans. What is shown in Fig.3 is the expected ghost alleviation after using the data from the multiple scans.
The maximum of the ghost envelope at vertical distance ∆y from a scatterer and for various values of ∆φ is plotted. With reference to the geometry of Fig.2 , this has been calculated as
, with (6)
The bandwidth is for both radars B = 300MHz, resulting in a range resolution ∆R = 0.5m. A maximum scatterers separation ∆y max = L = 15m is considered. If additionally ∆x min = 6 · ∆R = 3m, the lower and upper bound of useful angles are ∆φ min ∼ = 1.9
• and ∆φ max ∼ = 11.3
• according to Eq.(5). Finally, c = 3 · 10 8 m/sec is the speed of light. 
B. Distributed radar system
In Fig.4 , the beneficial effect of using data from M > 2 radars is visualized. In this case the ghost envelope is recalculated as: 
r t is defined in Eq. (7) and ∆θ m is the angular separation between radar 1 and radar m .
In the left sub-figure an overview of the maximum of the ghost envelope with data from M = 3 radars, at initial view angles 0
• , 90
• and 30
• , is given. In the right sub-figure the corresponding situation with data from M = 4 radars, at initial view angles 0
• , 30
• and 60
• is depicted. The noticeable change in the system behaviour is that ghosts at much smaller ∆y min are initially resolved by the contribution of a third or fourth radar. However the unavoidable sideeffect is that existing ghosts at positions (∆x, ∆y) with respect to the scatterer may be strengthened as a consequence of the contribution of the m th radar, when ∆x = r m,t . This effect is target and system geometry-dependent. One specific example is visualized in the above figures. The useful generalized remark that can be extracted though from this visualization is that strengthened ghosts get anyway alleviated at consecutive scans, resulting in overall accelerated de-ghosting performance of the multi-radar system.
V. SIMULATION EXAMPLE
The proposed sparse angular sampling scheme, supposedly originating from multi-radar multi-scan HRR radar measurements, has been applied for retrieval of the 2D target model of a specific target.
In the simulation application, this model is made-up of five point scatterers of equal strength, which are positioned at: • . The images in Fig.5 are generated by back-projection of data from the two radars with initially orthogonal views. The left image shows the result after scan 1, while the right after scan 6. It is observed that closely-spaced multi-scan data contribute to alleviation of existing ghosts, without creating new ones. However, the ambiguity area around the scatterers remains wide, compared to the resolution cell.
In Fig.6 the improved result based on the data from all the four radars is shown for scan 1 on the left and scan 6 on the right. The use of widely-separated multi-radar data retains the 2D resolution high, however existing ghosts are alleviated at the expense of the creation of new ones. In accordance with the analysis of the previous sections, the combination of multiradar and multi-scan data results in the final right image. By exploiting the complementary effect of the two mechanisms, the image intensity gets accumulated around the true scatterers. With such a 2D image as input, unambiguous estimation of the 2D parametric target model is feasible [8] . 
VI. CONCLUSIONS
In this paper, guidelines for sparse angular sampling of the radar target reflectivity function have been proposed. Provided that this function is sparse in 2D space, unambiguous retrieval is achievable with a limited number of angular samples. It has been illustrated that the use of widely-separated groups of closely-separated angles is an efficient resource allocation scheme for achieving this. Such a scheme further fits to the scenario of a distributed surveillance system, observing a moving target.
In the proposed method, incoherent tomographic imaging is applied. A comparison with the sampling principles for coherent ISAR processing highlights the exchange of wide spatial coverage for accurate phase information.
The method is designed for applications where radar targets with a sparse 2D RCS profile are involved. The presented 2D target images are meant as input for a parametric estimation algorithm. Unambiguous retrieval of a low-dimensional 2D target model of the target, for use in ATR systems, is the actual objective. For a clear first demonstration of the principle, the simplest case of sparse 2D RCS profile, corresponding to a rigid body radar target, has been considered in this paper.
Interesting future extension of this work is the coherent integration of the video per single-radar node in the network, resulting in local-only use of the phase in a distributed radar system [9] , [10] .
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